Introduction

▼
Hamstring strains are the most common and challenging injuries in professional football [28] . They represent about 12-17 % of the total moderate and severe injuries (causing absence of 8-28 days and more than 28 days, respectively) in this sport, leading to the highest prolonged absence time from training and competition [7] [8] [9] 11] .
Hamstring strains also present a high recurrence rate of 12-14 % [20, 28] , and re-injury on average requires 6 days longer absence from competition than the initial injury [6] . In fact, previous injury remains to be the strongest available predictor for hamstring injury [2, 8, 9, 17, 22, 28] . Considering the high re-injury rates, one of the biggest challenges professional football clubs face today is to prevent re-injury, starting with identifying functional deficiencies that are believed to lead to an increased risk of re-injury. Hamstring strain injury can result in a variety of functional deficiencies, altering aspects such as motor control [6] , activation patterns [25, 26] , isokinetic torque development [19] and load distribution during contraction [24] . The most common way of addressing any such deficits is by observing asymmetries between the injured limb and the contralateral side. For example, sprint tests on a non-motorized treadmill (NMT) have revealed that previously injured players can achieve their pre-injured levels of speed, albeit whilst employing compensation mechanisms from the noninjured limb [5] . If a treadmill-based sprint test can reveal inter-limb asymmetry in force generation, then this practical test has major potential for supporting rehabilitation processes aimed at preventing hamstring re-injury. The assessment of functional asymmetry in a club context remains a challenge, even at the highest level such as in the English Premier League. The development of assessment protocols are subject to variations in available equipment, and time constraints on staff and players. This often makes it difficult, if not impossible, to replicate protocols exactly as described in research that may have been conducted in a laboratory context. Support staff in a club is often forced to implement their assessment protocol
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under the assumption that they are still able to reveal the asymmetries, without having the opportunity to carefully consider the validity. Despite some studies using NMTs and sprint performance, especially in the context of reliability [13, 14] , there is, however, a lack of research validating the force output provided by these instruments relative to the forces generated whilst sprinting in a field. However, considering the potential value of assessing functional asymmetry in the prevention of re-injury, the authors therefore identified a need to investigate its robustness when implemented in a club setting. The purpose of this study was to quantify functional asymmetry in English Premier League football players with previous history of hamstring strain, in a protocol involving sprinting on an instrumented NMT. Based on previous findings, we hypothesised that individuals with a previous hamstring strain would present functional asymmetry through force-generating deficits in the injured limb.
Materials & Methods
▼
Protocol
Experimental trials were conducted as part of pre-season testing. After a familiarisation session, participants performed the protocol including a 10-s period of maximal sprint running on a non-motorised treadmill (NMT; Woodway -Curve Model, Wisconsin, USA -• ▶ Fig. 1) . Following an initial 5-min warm-up on a cycle ergometer, participants completed a protocol which included 10 s of maximum sprinting, during which there was an acceleration to achieve maximum speed, and maintaining speed during a brief steady state phase in the final seconds of the sprint. Horizontal and vertical forces were captured by force transducers (Anyload 563 YH) located in the treadmill frame supporting the belt, and speed data of the complete protocol were collected at a sampling rate of 200 Hz. With the foot moving through an arch rather than on a flat surface, the shear forces do not have the same meaning as in a flatbed treadmill. With force transducers built in the supports of the treadmill belt, overall, the forces measured in a horizontal direction represent force generation for propelling the treadmill and vertical forces represent forces to keep the body on average in the same vertical position throughout the trial. A video recording of each sprint was made at 50 Hz, with inset of the treadmill clock to reliably separate left and right steps in the recorded force profiles.
Data reduction
2 independent phases of the sprint were considered for analysis, the acceleration and the steady state period. The acceleration period included the first step from the beginning of the sprint until the first maximum speed step. During this phase the maximal propulsive horizontal force development was extracted. The steady state period consisted of the first 8 steps after maximum speed was performed, including the maximum speed first step.
Peak force values for all the steps of each leg prior to reaching maximum speed and in the 8 steady state period steps were registered. Comparisons within individual participants (between legs) and between groups were performed for maximal horizontal and vertical peak force generated during acceleration and steady state phases of the sprint, as well as for the average of all peak force values per phase.
Some observations concerning force profiles as seen in • ▶ Fig. 2 deserve some prior technical considerations. The highest horizontal force development occurred in the initial stage of the sprint acceleration, rather than at the time of maximal sprinting. This is expected as horizontal force is related to acceleration rather than velocity. A previous study from Brughelli et al. [5] using a tethered NMT showed continued high horizontal forces with constant speed running, with force mean scores ranging from 175 N to 325 N, for the 2 limbs of the experimental group (previously injured and contralateral respectively). For a similar phase of a sprint action in the current study the mean scores for horizontal force ranged between 67,1 N and 72,4 N, in the dominant and non-dominant side of the control group, respectively. This suggests that their treadmill belt generated substantial resistance during constant speed running, to be overcome by continued propulsion forces of up to 20 % of the vertical force generation. Horizontal forces observed with the curved NMT adopted in our study were only about 3 % of the vertical forces during constant speed running. These results contradict those of existing literature in which vertical and horizontal forces were analysed using an NMT. A previous study by Brughelli et al. [4] showed that in a maximal sprint effort using a different NMT model mean maximum horizontal forces can represent around 18 % of the mean maximum vertical forces during the same period. The latter authors analysing 80 % max speed sprint efforts also on an NMT found this relation to range from around 13 % in a control group up to 17 % in the contralateral limb of subjects with previous history of unilateral hamstring strain [5] .
Reliability protocol
A separate group of 9 male participants performed the protocol 3 times on separate days (regular recreational athletes, age 29.6 ± 5.3 years; height 178.1 ± 8.3 cm; weight 76.2 ± 9.6 kg). Mauchly's test for sphericity was performed, and one-way ANOVA for repeated measures was conducted for general differences among trials. Where a main trial effect was found, Tukey post-hoc comparisons were performed. Intra-class correlation was calculated for assessing reliability. Maximum speed values were only significantly lower in the first compared to consecutive 2 sessions, suggesting that one familiarisation session was sufficient to reach a consistent maximum speed on an NMT.
Comparison of outcome measures revealed strong correlations between trial 2 and trial 3 (r > 0.90), except for a moderate correlation for Peak Horizontal Forces (r = 0.62). Overall, these results supported the use of a single familiarization session before data collection in the experimental protocol. Additionally, analysing averaged peak values for horizontal force as opposed to analysing only the highest peak value provides more reliable information. No other variables were collected from the subjects as all of them had been cleared to play according to criteria based on regular sports medicine examination but also physical parameters such as strength, flexibility, ability to run, sprint and perform football specific actions.
Participants
For the main study, 17 male professional football players from an English Premier League club were recruited to this study and allocated to 2 groups: hamstring injury group (HIG) (n = 6, age 24.5 ± 2.3 years, height 1.79 ± 0.03 m, mass 76.3 ± 2.5 kg) and nonhamstring injury group (control) (n = 11, age 21.27 ± 1.2 years, height 1.83 ± 0.03 m, mass 82.2 ± 2.8 kg). There were no significant statistical differences among groups for age, height or weight. Sample characteristics including playing position and foot dominance are expressed in • ▶ Table 1 , along with the severity of the hamstring injury and average absence time from training for the HIG. All subjects from HIG had sustained a sprint related hamstring injury. All participants provided prior written informed consent according to the guidelines of the local ethical committee. This study meets the ethical standards of the International Journal of Sports Medicine [10] .
For the purpose of this study, hamstring injury was defined as appearing during training or competition and preventing participation in normal training and/or competition for more than 48 h, not including the day of injury [11] . Club medical records were consulted to identify more detailed inclusion/exclusion criteria. Inclusion criteria for the HIG were a history of previous hamstring injury in 1 leg, and occurrence less than 2 years prior to the study, as in Brughelli et al. [5] . Exclusion criteria were the presence of lower limb or lumbar spine pathology at the time of study; chronic lumbar spine pathology; history of hamstring muscle or lumbar spine surgery [24, 25] and previous history of bilateral hamstring strain within 2 years of the study. Global Positioning System (GPS) data from a maximal sprint test in training were consulted to obtain records of overground maximum speed values for each player to compare maximum sprinting speeds achieved on the NMT vs. overground, with the purpose of further understanding potential limitations in sprint speed performance on the NMT (GPSports ® , Dundalk, Ireland;
Catapult Sports ® , South Melbourne, Australia).
Statistical analysis
Statistical procedures were conducted using SPSS (v.20.0, SPSS Inc., Chicago, IL, USA). Outcome variables were maximum speed, maximum peak force, and average of peak forces (horizontal and vertical, acceleration and steady state phase). Normality of data was checked using Shapiro-Wilk tests. Paired comparisons between previously injured vs. uninjured leg in the HIG, and between dominant vs. non dominant leg in the control group were made using paired student t-tests or Wilcoxon tests. Independent between-group comparisons for maximal and averaged peak force values in HIG vs. control group were made using independent student t-tests or Mann-Whitney U tests. Results are presented using mean and standard deviations. The level of significance was set as p < 0.05.
Results
▼
No significant side-to-side differences were observed for any of the force-related variables studied during the acceleration phase of the sprint ( • ▶ Table 3 ).
Across both groups the maximum speed on NMT was 25.2 % lower than the maximum outdoor speed collected from GPS data. 
Discussion
▼
The aim of this study was to quantify functional asymmetry in the magnitude of horizontal force development during a maximum sprint running on an NMT in English Premier League football players with previous history of hamstring strain. Whilst Brughelli et al. [5] found that the previously injured limb presented 45.9 % lower horizontal force generation than the noninjured limb, and that horizontal force generation in the injured group was significantly reduced compared to a control group, we found no differences in horizontal and vertical maximal force or averaged peak forces measured in the acceleration phase up to the maximum speed step in a 10 s sprint effort, as well as in the first 8 steps of the steady state phase. We therefore rejected our a priori hypothesis that with the assessment we would reveal functional asymmetries in players with a previous hamstring injury. We will discuss possible explanations for this absence of differences, which may be associated with the population, the equipment, or the protocol. A first possible explanation for our findings is that our participants had undergone an intensive rehabilitation program to increase chances of a successful return to football practice as well as to minimize the risk of re-injury. Specifically, eccentric exercises were utilised as is now generally accepted in the therapeutic literature [1, 3, 21] . This rehabilitation routine might have better cancelled out any force deficits post-injury in our study. Additionally, the average time since injury may have been longer than that in Brughelli et al. [5] , but this cannot be confirmed as this was not reported in their study. Our rejection of the a priori hypothesis may also be related to the equipment. We used load cells embedded in a curved NMT for assessment of forces, whereas in Brughelli et al. [5] a Woodway ® 3.0 with load cell in a non-elastic tether connected to the subject was used to estimate forces. In our study low horizontal forces were observed during constant speed sprinting as opposed to high forces in the latter study (72.4 N and 324 N respectively). To our knowledge, no studies have been undertaken related to how reliable the measurement of forces is in either of the NMT models despite a few papers addressing reliability and validity in terms of power, speed, gait length and time to fatigue [12, 15, 18, 27] . Our pilot test evaluated test-retest reliability of the force related outcome measures for our NMT model, and identified peak horizontal force generation as a moderate outcome measure, but we currently have no means to compare this to other NMT models. Rejection of the a priori hypothesis could be associated with the testing protocol. Horizontal force development is higher during the acceleration phase ( • ▶ Fig. 2 ) and has been correlated with performance variables related to acceleration, rather than those related to steady state sprinting [17] . For that reason it was hypothesised that any injury-related differences in horizontal force performance were more likely to be present in this phase.
However results from our study presented no differences, and in the study of Brughelli et al. [5] asymmetries were observed for force development during a steady state sprint. Whilst this may be counterintuitive from a mechanical viewpoint, there remains uncertainty over which phase may well be most meaningful. Sherry and Best [23] distinguish the moments of injury while running between sprinting and accelerating from a stationary position to full sprint. Whilst 13 of their 24 participants reported injury while sprinting, 5 reported injury during acceleration. Whilst we also evaluated force development during steady state sprinting, the steady state was a maximum speed effort, as opposed to an 80 % effort adopted by Brughelli et al. [5] . Our decision to use a maximal effort was made under the assumption that replicating sport-specific demands as involved in football play require a maximal and not sub-maximal effort. The maximal effort, in fact, was still considered to impose a limitation as it was found to allow the player to only achieve a progression speed of 75 % of what is achieved in an overground sprint, similar to what has been reported in previous work [16] . Equally the absence of an alternative strength assessment to confirm the absence of asymmetry in our study is a limitation to this study. Overall, our study has challenged the robustness of functional asymmetry assessments in a club environment to identify risk of re-injury. This is an important finding for the practical field, as it highlights, in the first place, the need to rigorously test whether modifications to an assessment protocol eliminate its capacity to actually reveal deficiencies. We do not believe that our findings undermine the likely role of asymmetry as a re-injury mechanism, with considerable arguments existing that support the importance of horizontal force development in sprint performance. Rather, we hope that our findings can generate a critical attitude towards further development and validation of assessment protocols, including ones that are ultimately implemented in a club setting. Furthermore, future translational research aiming at the validation of equipment in an actual club setting is suggested. This is a considerable challenge for practitioners in a club environment, dealing on the one hand with limitations of the elite environment context, and on the other hand with the continuous emergence of a broad variety of commodity technologies.
In conclusion, our results challenge the role of functional force deficits as a diagnostic measure of hamstring re-injury risk, and warrant further investigation to establish whether force development asymmetries can be indicative of re-injury risk. It remains uncertain whether horizontal force deficits in an NMT can represent a potential risk factor for hamstring injuries. More importantly though, it has highlighted the scientific challenges facing practitioners in an elite club environment, and that there is a need to validate assessment protocols, even if differences from lab-based assessments may at first sight appear to be small.
